There are eight known human herpesviruses (herpes simplex 1 (HSV-1), herpes simplex 2 (HSV-2), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), cytomegalovirus (CMV), herpesvirus 6 (HHV-6), herpesvirus 7 (HHV-7), and herpesvirus 8 (HHV-8). Following symptomatic primary infection, all herpesviruses maintain a state of lifelong asymptomatic latent persistence in the host with sporadic symptomatic reactivation. Each herpesvirus preferentially induces disease in specific tissues, for example, HSV-1 and HSV-2 in oral and genital mucosa, respectively, VZV in skin and mucous membranes, EBV in lymphoid tissue, CMV in lung and kidney, HHV-6 in skin, and HHV-8 in skin and lymphoid tissue. On the other hand, herpesviruses are found in other tissues during latent persistence, for example, HSV-1, HSV-2, and VZV in neural tissues, and EBV and HHV-6 in lymphoid tissues. Although a number of sites of latent herpesvirus persistence have been identified, no systematic survey of persistent herpesvirus infection in all human tissues from single individuals has been reported.
We have recently developed a highly sensitive and specific PCR method for detection and identification of all eight known human herpesviruses. 1 This nested PCR-based assay utilizes a set of degenerate consensus primers complementary to the highly conserved herpesvirus DNA polymerase gene. 2 By applying this method to more than 40 different tissues obtained from each of eight unrestricted autopsy cases, we have been able to identify systematically all sites of herpesvirus persistence in the adult human.
Materials and methods

Autopsy Tissues
Samples (1 cm 3 ) of fresh tissue representing approximately 40 individual tissue types were collected from each study case at the time of post-mortem examination after obtaining proper consent. To prevent crosscontamination of tissues, each sample was collected with a sterile scalpel blade and forceps. To remove as much blood as possible, each sample was briefly rinsed in sterile phosphatebuffered saline (pH 7.2) and immediately transferred to individual sterile 15 ml tubes containing 5 ml preservative solution (STF, Streck Labs, La Vista, NE, USA). Samples were held at 41C overnight until DNA extraction the following day. DNA was extracted individually from each sample using sterile technique under a class II biohazard hood with a commercial kit (QIamp DNA Mini Kit, Qiagen Corp., Valencia, CA, USA). DNA yield and purity of each specimen was determined by standard UV spectrophotometry. DNA samples were stored at À201C until use in real-time PCR.
Nested PCR Assay
Control herpesvirus DNA was obtained by DNA extraction (QIamp DNA Mini Kit, Qiagen Corp., Valencia, CA, USA) from the following sources: HSV-1 (American Type Culture Collection (ATCC), Rockville, MD, USA), HSV-2 (ATCC), VZV (Ellen strain; ATCC), EBV (B95-8 (type 1), Jijoye (type 2); ATCC), CMV (AD169 strain; ATCC), HHV-6 (U1102 strain (type A), gift of Dr Philip Pellett (CDC); Z-29 strain (type B); Advanced Biotechnologies, Columbia, MD, USA), HHV-7 (H7-4 strain; Advanced Biotechnologies), and HHV-8 (BCBL-1; NIH AIDS Reagent Program, Rockville, MD, USA). Amplicons obtained by panherpes PCR of each reference herpesvirus above were cloned into a TA cloning vector (Invitrogen Corp., Carlsbad, CA) and identity confirmed by DNA sequencing and comparison of sequence with that found in GenBank. These vectors serve as herpesvirus DNA standards. Purified DNA (1 mg) previously obtained from autopsy tissues was subjected to nested PCR (EasyStart DNA PCR Kit, Molecular Bioproducts Corp., San Diego, CA, USA; Taq DNA polymerase, Sigma-Genosys Corp., St Louis, MO, USA) with a set of 10 degenerate herpesvirus DNA polymerase PCR primers: 1-GAYT  TYGCNAGYYTNTAYCC, 2-TCCTGGACAAGCAGC  ARN YSGCNMTNAA, 3-GAYTTYGCIAGYYTITAY  CC, 4-TCCTGGACAAGCAGCARIYSGCIMTIAA, 5-TGTAACTCGGTGTAYGGNTTYACNGGNGT, 6-TGT  AACTCGGTGTAYGGITTYACIGGIGT, 7-GTCTTGCT  CACCAGNTCNACNCCYTT, 8-GTCTTGCTCACCA  GITCIACICCYTT, 9-CACAGAGTCCGTRTCNCCRTA  DAT, and 10-CACAGAGTCCGTRTCICCRTAIAT.   2 These sequences include nucleotide symbols 
Dot-Blot Nucleic Acid Hybridization
PCR product (5 ml) from each sample, denatured by sodium hydroxide solution, was spotted onto nylon membranes (GeneScreen Plus, Dupont-NEN, Boston, MA, USA). 1 Following membrane prehybridization, digoxigenin-labeled specific probe (HSV probes are 65 bp, all other probes are the same size as their PCR products) was heat-denatured, mixed in 6 ml hybridization buffer (5 Â SSC, 0.1% N-lauroylsarcosine, 0.02% SDS, 1% blocking reagent), added to the membranes, and incubated for 6 h at 681C. The membranes were washed twice in 2 Â SSC-0.1% SDS for 5 min at room temperature, and twice in 0.1 Â SSC-0.1% SDS for 30 min at 681C. The membranes were next incubated with alkaline phosphatase-conjugated anti-digoxigenin antibody (Roche Applied Science, Indianapolis, IN, USA) followed by chemiluminescent substrate according to the manufacturer's instructions (Roche Applied Science, Indianapolis, IN, USA), exposed to X-OMAT AR radiographic film (Kodak, Rochester, NY, USA) for up to 10 min, and developed. 
Real-Time PCR
Results
The eight autopsy cases consisted of four males and four females ranging in age from 14 to 73 (Table 1) . Two patients (1 and 6) died with HIV-AIDS. Bacterial and/or fungal sepsis appears to have contributed to death in two cases, whereas myocardial infarction and/or cardiopulmonary failure contributed to death in six cases. In no case was a diagnosis of herpesvirus infection, pre-or post mortem, entertained.
HSV-1 was detected in four cases within peripheral (non-CNS) neural tissues, nasal mucosa, cartilage, marrow, skin, and bone. In two cases (1 and 3), HSV-1 was found in multiple tissues, a finding most consistent with active infection. In the remaining two positive cases (2 and 6), HSV-1 was detected only in neural tissues, a finding more consistent with latent infection. In contrast to HSV-1, HSV-2 was found only in a single tissue (anus) from case 1, a male with HIV-AIDS who also had evidence of active HSV-1 infection. VZV was detected in only four sites (dorsal root ganglion, spinal cord, adrenal gland, small intestine) from three cases. Not unexpectedly, EBV was detected in many sites in all eight cases, most commonly lymphoid tissues (including thymus), tongue, nasal mucosa, intestines, and liver, although seldom found in neural and genitourinary tissues. CMV was detected in three cases within multiple tissues. In two cases, CMV was confined to nasal mucosa, trachea, thyroid, intestine, and liver, whereas in case 1, CMV was detected in multiple tissues including nasal mucosa, trachea, thyroid, lung, urinary bladder, urethra, mediastinal node, and anus. HHV-6, like EBV, was detected in multiple tissues from all eight cases, most commonly in salivary glands and gastrointestinal tissues. HHV-7, like EBV and HHV- 
Tissue distribution of herpesviruses T Chen and SD Hudnall 6 , was detected in all eight cases, primarily in salivary glands and lymphoid tissues. HHV-8 was detected in only two lymph nodes from two cases, a 43-year-old HIV-positive male and a 73-year-old HIV-negative male (Table 2) .
Discussion
Largely by virtue of their ability to maintain lifelong infectious persistence following primary infection, the human herpesviruses are widely distributed throughout the world. For example, based upon seroepidemiologic surveys, it is estimated that more than 90% of all adult humans are infected with EBV. Reactivation of herpesviral replication from latency may occur throughout life, and leads not only to infection of naïve contacts but also to significant host morbidity and mortality. Although many anatomical sites of human herpesvirus persistence have been discovered, no complete mapping of all Table 2 Anatomical sites of herpesvirus detection: (a)-(h) Cases 1-8 Tissue distribution of herpesviruses T Chen and SD Hudnall Tissue distribution of herpesviruses T Chen and SD Hudnall anatomical sites of herpesvirus latent persistence is currently available. Primary HSV-1 infection of immunocompetent persons is characterized by lesions of the oral mucosa, followed by latent persistence within neurons of cervical and cranial nerve sensory ganglia. [3] [4] [5] [6] [7] [8] [9] [10] [11] In some cases, HSV-1 and HSV-2 can be found in brain tissue. 12 Viral reactivation can lead to recurrent mucocutaneous disease, whereas dissemination may lead to widespread organ involvement, including esophagus, lower gastrointestinal tract, trachea, lungs, brain, eyes, and skin. Primary infections with the herpes simplex viruses are characterized by localized mucocutaneous vesicular eruptions, with HSV-1 eruptions in the oral region and HSV-2 eruptions in the genital region. Virus then spreads along the sensory nerves to sensory root ganglia where latency is established in ganglionic neurons.
9-11,13 HSV-1 was detected in four of eight cases. In two cases, HSV-1 was detected only in neural tissues (dorsal root ganglion, spinal cord, sympathetic ganglion, and peripheral nerve), whereas in two other cases, HSV-1 was detected in multiple tissues. Although review of the medical records and autopsy findings revealed no evidence of active herpes simplex infection in either case, it is clear that occult HSV-1 viremia with dissemination occurred at the time of death. Although the weak PCR positivity noted in some tissues is likely owing to blood contamination, other tissues in which the PCR signal was significantly stronger than that of whole blood may represent sites of HSV-1 replication. These tissues included neural tissues (peripheral nerve, sympathetic and dorsal root ganglia, spinal cord), digestive system (tongue, parotid gland, stomach, large intestine), urinary system Tissue distribution of herpesviruses T Chen and SD Hudnall (kidney, urinary bladder), nasal mucosa, trachea, pleura, thymus, vena cava, skin, smooth muscle (diaphragm), cartilage, and bone. Primary HSV-2 infection of immunocompetent persons is characterized by lesions of the genital mucosa, followed by latent persistence within sacral ganglia. In some cases, spinal cord involvement may lead to ascending myelitis, meningitis, and autonomic dysfunction. Anorectal involvement may be seen in homosexual males. In the present study, HSV-2 was found in only one site, the anus of a 43-year-old male with HIV-AIDS. Given their relative inaccessibility during prosection, sacral ganglia were not examined in this study.
Primary VZV infection is characterized by lesions of the oral mucosa and skin, followed by latent persistence within cranial nerve sensory ganglia (geniculate, trigeminal), dorsal root ganglia, and the olfactory bulb. [9] [10] [11] [13] [14] [15] [16] Dissemination may lead to widespread organ involvement, including the eye, brain, lung, myocardium, and liver. Primary VZV infection, most often acquired in early childhood, is characterized by fever and a diffuse maculopapular rash. Although VZV DNA can be detected in many different cell types during active infection, latency seems largely to be established in neural tissues, particularly in non-neuronal cells of sensory ganglia. [9] [10] [11] 13, 14 In the present study, VZV was detected in three of eight cases within only four sites: dorsal root ganglion, spinal cord, adrenal gland, and small intestine. VZV may maintain latency within the ganglion cells of the adrenal medulla and the parasympathetic ganglia of the small intestine.
EBV first infects oropharyngeal mucosa and lymphoid tissues, and establishes latent persistence in lymphoid tissues, most notably tonsils and lymph nodes, as well as peripheral blood B cells. Immunocompromised persons are at risk for development of EBV-associated hemophagocytic syndrome or B-cell lymphoma. Numerous sites of EBV persistence were detected in the present study in all eight cases, with the most common sites of involvement being blood and lymphoid tissues. Although primary childhood infection with EBV often goes unrecognized, infection in young adults, termed infectious mononucleosis, is characterized by fever, pharyngitis, and cervical lymphadenopathy. EBV DNA is commonly detected in saliva, tonsils, lymph nodes, and peripheral blood from healthy adults. Latency is established in small B-lymphocytes, with lytic infection rarely detected in oral epithelium. 17, 18 In the present study, EBV as expected was detected in all eight cases within numerous tissues, most prominently hematolymphoid tissues (lymph node, spleen, tonsil, thymus, bone marrow, blood), pharyngeal tissues (tongue, parotid gland), and digestive tissues (esophagus, stomach, small intestine, large intestine, liver, pancreas).
In children and adults, CMV probably first infects oropharyngeal tissues, and may persist in salivary glands, renal tubular cells, endothelium, alveolar macrophages, blood monocytes, and marrow cells. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] In contrast, congenital (in utero) infection leads to infection of the central nervous system. In the immunocompromised host, CMV lesions may be found in numerous organs, including lung, brain, liver, gastrointestinal tract, and kidney. CMV infection is most often acquired by young adulthood and often presents as a mononucleosis syndrome similar to that caused by EBV. Sites of CMV latency have been clearly established but may include marrow myeloid progenitors, spleen, arterial smooth muscle, and bronchoalveolar cells. [32] [33] [34] [35] [36] CMV DNA has also been detected in a wide variety of other cell types including hepatocytes, renal tubular and glomerular cells, splenic red pulp cells, and pancreatic acinar cells from healthy adults. 37 In the present study, CMV was detected in three of eight cases within nasopulmonary tissues (nasal mucosa, trachea, lung), thyroid gland, small and large intestine, anus, urinary tissues (urethra, urinary bladder), and lymph node. In two cases, CMV was detected in only a few tissues (nasal mucosa, trachea, thyroid, intestine, liver) that may represent sites of latency. In contrast, in one HIV-positive case, CMV was also detected in other sites including lung, lymph node, urinary bladder, and urethra, and thus may represent active infection.
HHV-6 is a ubiquitous virus that probably first infects oropharyngeal tissue during early childhood causing high fever and a characteristically evanescent rash. Latent persistence likely occurs in salivary glands and lymphoid tissues. [38] [39] [40] In adults, HHV-6 infection may present with a mononucleosislike syndrome with acute lymphadenitis. 41 Disseminated infection may be associated with hepatitis, pneumonia, marrow suppression, and encephalitis. HHV-6 has also been detected, albeit at low levels, in Hodgkin's lymphoma and angioimmunoblastic lymphadenopathy, 42 and has been implicated in multiple sclerosis. 43 HHV-6 infection is common in early childhood, when it presents as a febrile illness with rash, known as roseola. In healthy adults, HHV-6 DNA has been detected in saliva and salivary gland epithelium. 44, 45 HHV-6 has also been detected in lymph nodes from adults with a form of lymphadenitis. 46 In organ transplant recipients, HHV-6 has been detected in bile duct and gastroduodenal epithelium. 47 In HIV-AIDS, HHV-6 may be detected in a wide range of tissues, including lung, lymph node, spleen, liver, kidney, and brain. 48 In the present study, HHV-6 was detected in all eight cases, in a wide variety of tissues including pharyngeal tissues (tongue, parotid and submandibular glands, nasal mucosa, tonsil), pulmonary tissues (lung and pleura), thyroid and adrenal glands, lymphoid tissues (blood, spleen, lymph node), muscle (skeletal and smooth), gastrointestinal tissues (esophagus, stomach, small and large intestine, liver, gall bladder, pancreas), urinary tissues (kidney, urinary bladder), and vagina. The presence of HHV-6 in vagina suggests the possibility Tissue distribution of herpesviruses T Chen and SD Hudnall of sexual and perinatal transmission of HHV-6 infection to sexual partners and newborns, respectively. Primary HHV-7 infection in children is very common and is characterized by high fever. Most persons have been infected by adulthood, with adult seroprevalence rates of 60-80%. Oral transmission leads to active replication in the oropharynx. Virus has been obtained from peripheral blood T cells and monocytes, saliva, salivary glands, and uterine cervical secretions. 49, 50 HHV-7 DNA has been detected in saliva and salivary gland epithelium from healthy adults. 45, 51 By immunohistochemistry, HHV-7 antigen has been detected in lymph node, tonsils, liver, and kidney of healthy adults. 52 In the present study, HHV-7 was detected in all eight cases, in pharyngeal tissues (submandibular and parotid gland, tonsil), hematologic tissues (marrow, blood, spleen), gastrointestinal tissues (stomach, small intestine), and vagina. As with HHV-6, the presence of HHV-7 in vagina suggests the possibility of sexual and perinatal transmission of HHV-7.
The clinical characteristics of primary HHV-8 infection have not been clearly defined. Similarly, little information is available about sites of HHV-8 persistence. However, based upon the presence of the virus in blood monocytes, lymphoid tumors, and lymphatic endothelial tumors, it is likely that HHV-8 may persist in hematopoietic and lymphatic tissues. In the present study, HHV-8 was detected in lymph node tissue from two cases. As HHV-8 infection was originally thought to be confined to patients with HIV-infected homosexual males, it is noteworthy that HHV-8 was present not only in tissue from an middle-aged HIV-positive male but also in an elderly Caucasian male with no clinical or pathological evidence of immunodeficiency. Although the clinical characteristics of primary HHV-8 infection have not been clearly elucidated, a recent report suggests that some cases of mononucleosis in childhood may be owing to HHV-8 infection. 53 As HHV-8 was discovered in cutaneous Kaposi's sarcoma tissues from patients with HIV-AIDS, most of our information regarding tissue distribution of HHV-8 is based upon analysis of tissues from severely immune compromised patients with HIV-AIDS and thus may not reflect the situation in healthy adults. In patients with HIV-AIDS and KS, HHV-8 DNA can be detected in saliva, peripheral blood monocytes, lymphoid tissues, normal skin, prostate gland, and bone marrow. [54] [55] [56] [57] Since in the present study HHV-8 was detected only twice in lymph nodes, we suggest that the site of HHV-8 latency is in peripheral lymphoid tissues.
Determination of all anatomical sites of viral latency or persistence in humans is a remarkably tedious procedure as it not only requires a robust assay but also access to all (preferably fresh) tissues from each donor. We have previously developed a robust PCR assay for detection and identification of all eight known human herpesviruses and have now applied this assay to DNA isolated from fresh postmortem tissues representing approximately 40 anatomical sites from eight randomly selected patients aged 14-73 years who died of causes unrelated to herpesvirus infection.
